Abstract. Sterility in male hypogonadic (hgn/hgn) rats results from congenital testicular dysplasia caused by a single recessive gene hgn on rat chromosome 10. We recently identified an insertion mutation in the Spag5/astrin gene of hgn/hgn rats that may cause defective proliferation of immature Sertoli cells in the postnatal hgn/hgn testis. Since the pathological alterations were present in the testes at birth, we examined the involvement of defective mitosis and apoptotic cell death in embryonic development of hgn/hgn testes. Testicular hypoplasia was apparent at embryonic day (ED) 18.5. Immunostaining of hgn/hgn testes at ED 21.5 with antibody to GATA-4, which is specific for fetal Sertoli cells in the seminiferous cords, showed that the significant decrease in the number of fetal Sertoli cells was accompanied by a two fold increase in their mitotic index and abnormal mitosis and apoptosis. Prior to this, we observed a decrease in the number of BrdU-labeled cells, an increase in the number of TUNEL-positive apoptotic cells, and presence of MIS-positive apoptotic cells in hgn/ hgn testes on ED 17.5 and 18.5. These results suggest that the Spag5 mutation may cause a reduction in mitotic activity and an increase in apoptosis of fetal Sertoli cells in hgn/hgn testes. Key words: Apoptosis, Astrin, Hypogonadism, Mitosis, Rat, Spag5, Sterility (J. Reprod. Dev. 53: [581][582][583][584][585][586][587][588][589] 2007) ale hypogonadic (hgn/hgn) rats are sterile due to a lack of spermatogenesis during adulthood [1] . Growth of the seminiferous tubules in postnatal hgn/hgn testes is severely affected, and the gonocytes degenerate before entering meiosis [ 2 ] .
(J. Reprod. Dev. 53: [581] [582] [583] [584] [585] [586] [587] [588] [589] 2007) ale hypogonadic (hgn/hgn) rats are sterile due to a lack of spermatogenesis during adulthood [1] . Growth of the seminiferous tubules in postnatal hgn/hgn testes is severely affected, and the gonocytes degenerate before entering meiosis [ 2 ] .
T h e s e a n i m a l s h a v e h i g h p l a s m a concentrations of gonadotropins and low plasma concentrations of testosterone, indicating that the cause of the hypogonadism is present in their testes [3] . Since hypogonadism is accompanied by renal hypoplasia [4] , hgn/hgn females can be identified by laparotomy at weaning. Moreover, their ovaries are hypoplastic at birth, and they have reduced fertility [5] . These animals have one quarter the number of nephrons present in the normal kidney, and their individual nephrons are extremely hypertrophied [6] . Thus, hgn/hgn rats can be used a s a n e x p e r i m e n t a l m o d e l o f h u m a n oligomeganephronia, which progresses to renal insufficiency with advancing age [7] .
Linkage analysis has shown that the gene responsible for the hgn phenotype is located in an 840-kb region of rat chromosome 10 [8, 9] . The most likely candidate gene in this region is Spag5 (astrin/MAP126) [9] . Spag5 has been identified as a protein interacting with the outer dense fiber of sperm tails in rats [10] . Although it has been reported that targeted disruption of mouse Spag5 has no significant effect on spermatogenesis [11] , astrin/hMAP126 (human) [12, 13] and mastrin (mouse) [14] , which are orthologs of rat Spag5, are m i c r o t u b u l e -a s s o c i a t e d p r o t e i n s t h a t a r e considered to be critical for normal distribution of chromosomes during mitosis progression [15] . Since it has recently been revealed that the rat testis contains several Spag5 proteins with different molecular weights, there is a possibility that the previous particular knockout event did not extinguish all functionality of Spag5 proteins [16] .
We recently identified an insertion mutation in the sixth exon of the Spag5 gene in hgn/hgn rats [17] . This mutation, which is completely consistent with the hgn genotypes, produces a truncated Spag5 protein that lacks the coiled-coil domain required for its localization to microtubules [13, 17] . We also found that hgn/hgn testes contain abnormal mitotic metaphase Sertoli cells with dispersed distribution of chromosomes and that immature Sertoli cells undergo increased apoptotic cell death [17] [18] [19] . Since Sertoli cells are the major cell type supporting testicular development and spermatogenesis [20] , male hgn/hgn rats are a unique model for Sertoli cell insufficiency [19] . Pathological alterations have been detected in neonatal hgn/hgn testes, suggesting that testicular pathogenesis starts before birth [2, 4, 17] . Although expression of Spag5 mRNA has been detected in various organs [16] , the physiological function of Spag5, especially in embryonic development, has not yet been examined. In the present study, we have investigated the involvement of defective cell mitosis and increased apoptosis in the testicular pathogenesis of hgn/hgn rats during later embryonic stages.
Materials and Methods

Production of backcross embryos
Male Brown Norway (BN) rats (Charles River Japan, Kanagawa, Japan) were mated with hgn/hgn females, selected from a population of the HGN inbred strain, as reported previously [4, 5, 8, 9] , to produce F 1 (+/hgn) males. After the estrus cycle was checked, each hgn/hgn female at proestrus was housed individually overnight with an F1 male [8, 9] . Mating success was confirmed the next day by the presence of sperm in a smear specimen, with 1600 h that day designated as embryonic day (ED) 0.5. At around 1600 h on ED 15.5, 17.5, 18.5 and 21.5, the pregnant rats were anesthetized by an overdose of ether and sacrificed by cervical dislocation, and the embryos were removed by cesarean section [21, 22] . To assay cell mitotic activity, the pregnant rats were intraperitoneally injected with 5-bromo-2'-deoxyuridine (BrdU; 100 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) at around 1400 h on ED 17.5 and 18.5. To obtain more than three embryos of each genotype at each ED in each experiment, at least three pregnant hgn/hgn females were autopsied at each ED.
Genotyping of backcross embryos
Small pieces of tissue of each embryo were dissected and stored at -20 C. High-molecularweight genomic DNA was isolated from frozen tissues [8] , and each embryo was classified as +/ hgn or hgn/hgn by genotyping for the D10Rat69 locus, which is closely linked to the hgn locus [9, 21, 22] . Polymerase chain reactions (PCRs), separation of PCR products, and gel staining were performed as described previously [23] .
Histochemistry
Embryonic testes were dissected and trimmed under a stereomicroscope (SZX12; Olympus, Tokyo, Japan), fixed in 4% neutral formalin overnight (BrdU and TUNEL) or Bouin's solution for 2 h [GATA-binding protein (GATA-4) and Mullerian inhibiting substance (MIS)] at 4 C, dehydrated with graded alcohol, embedded in paraffin, and sectioned at 3 µm [17] [18] [19] . Serial sections were deparaffinized in xylene, hydrated in graded alcohol, and immersed in 0.01 M phosphate buffered saline (PBS; pH 7.4). G A T A -4 a n d M I S w e r e d e t e c t e d b y immunohistochemistry as described previously [17] . Briefly, tissue sections were processed in a microwave (3 min × 5) in 0.01 M citric acid buffer (pH 6.0), immersed in 2 N HCl for 20 min and soaked in PBS. The sections were immersed in methanol containing 3% periodic acid to inactivate internal peroxidases and incubated in PBS containing 10% normal rabbit serum for 60 min to block nonspecific antigen-antibody reactions. They were then incubated overnight at 4 C with antibodies against GATA-4 (goat polyclonal, 1/500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and MIS (goat polyclonal, 1/500 dilution; Santa Cruz Biotechnology). Subsequently, the sections were rinsed in PBS and incubated with Histofine SAB-PO (G) Kit (Nichirei, Tokyo, Japan).
BrdU incorporated into S phase cells was detected by immunohistochemistry as described previously [24] . Briefly, the sections were incubated in 4 N HCl for 30 min and 0.01% trypsin in PBS for 10 min and soaked in PBS. They were then incubated in PBS containing 3% periodic acid to inactivate internal peroxidases, soaked in PBS and incubated with primary antibody (anti-BrdU monoclonal antibody, clone BRD.3, Lab Vision Corporation, Fremont, CA, USA) for 30 min. Following immersion in PBS, primary antibodies were detected using Histofine Simple Stain Rat MAX-PO (MULTI; Nichirei) [17] [18] [19] .
Apoptotic cells were detected with an In Situ Apoptosis Detection Kit (TaKaRa Bio, Ohtsu, Japan) [17] [18] [19] . The slides were incubated with 3,3'-diaminobenzidine tetrahydrochloride (DAB), counterstained with hematoxylin and examined under a light microscope (BX50; Olympus). Microscopic images were obtained using a Penguin 600CL digital camera system (Pixera Corporation, Osaka, Japan) attached to the microscope [6, 7, [17] [18] [19] .
Cell counts and morphometric analysis
The areas for cell counts and morphometric analyses were defined by a square field (SF= 76738.16 µm 2 ) in the finder of the CCD camera [19] . 
Animal care and statistical analysis
All rats used in this study were fed and kept as previously reported [17] [18] [19] . The experimental procedures and care of the animals were all conducted in accordance with the guidelines of the Animal Care and Use Committee of Nippon Veterinary and Life Science University. Mean values for the +/hgn and hgn/hgn fetuses were compared using Student's t-test. A P-value of <0.05 was considered statistically significant.
Results
GATA-4 immunostaining
Histological examination of ED 15.5 +/hgn and hgn/hgn testes immunologically stained with antibody to GATA-4 ( Figs. 1-3) showed that the testes of both genotypes contained GATA-4-negative germ cells in the seminiferous cords surrounded by GATA-4-positive somatic cells. Although the hgn/hgn testes were slightly smaller than the +/hgn testes ( Fig. 1A and B) , the seminiferous cords of both had normal architecture ( Fig. 1C and D) . In both genotypes, GATA-4-positive Sertoli cells were located along the basement membrane of the seminiferous cords, and mitotic metaphase of GATA-4-negative germ cells was often observed (Fig. 1E and F, arrows) . At ED 1 8 . 5 , t h e h g n / h g n t e s t e s w e r e a p p a r e n t l y hypoplastic, and growth of the seminiferous cords was delayed ( Fig. 2A and B) . The histological architecture of the seminiferous cords, however, was similar in the +/hgn and hgn/hgn testes ( Fig.  2C and D) , and GATA-4-positive mitotic Sertoli cells were often observed ( Fig. 2E and F) . At ED 21.5, hypogenesis of the hgn/hgn testes became more severe (Fig. 3A and B) . Furthermore, most of the cross sections of the seminiferous cords were in the outer regions beneath the tunica albuginea of the testes (Fig. 3A and B ). There were fewer seminiferous cord sections in the hgn/hgn testes than in the +/hgn testes, and the diameter of each cord section was larger in the hgn/hgn testes than in the +/hgn testes ( Fig. 3C and D ). There were also fewer Sertoli cells in the hgn/hgn testes than in the +/hgn testes, and these cells failed to align along the basement membrane of the seminiferous cords in the hgn/hgn testes (Fig. 2E, F and G) . In addition to abnormal apoptotic Sertoli cells (Fig. 3E and G) , we found abnormal mitotic metaphase of Sertoli cells with enlarged cytoplasm in the hgn/hgn testes ( Fig. 3F and G) .
Morphometric analysis
At ED 21.5, the total area of the seminiferous cords in the defined square field (SF=76738.16 µm 2 ) was significantly smaller (Fig. 4A ) and the total area of the interstitial tissue was significantly larger ( cords in the defined SF of the hgn/hgn testes at ED 21.5 ( Fig. 4C and D) . Despite the reduced number of Sertoli cells in the hgn/hgn testes, the number of mitotic Sertoli cells was similar to that in the +/hgn testes ( Fig. 4E) , indicating that the mitotic index of the Sertoli cells was significantly larger in the hgn/ hgn testes than in the +/hgn testes at ED 21.5 (Fig.  4F ).
Cell mitotic activity
Since testicular hypoplasia and a decrease in the number of Sertoli cells were observed in embryonic hgn/hgn testes, we examined cell mitotic activity by BrdU incorporation into S phase cells (Fig. 5) . At ED 15.5, many BrdU-labeled cells were detected in the seminiferous cords ( Fig. 5A and B) in both the center and basal compartments. At ED 17.5 ( Fig. 5C and D) and 18.5 ( Fig. 5E and F) , BrdU was incorporated into the cells located along the A and B) . At ED 17.5 (C and D) and 18.5 (E and F), most of the BrdU-labeled cells were located along the basement membrane of the seminiferous cords. There were fewer labeled cells in the hgn/hgn testes than in the +/hgn testes. In the seminiferous cords, most of the labeled cells were Sertoli cells located along the basement membrane, whereas the germ cells located in the center of the cords were negative for BrdU. Some peritubular and interstitial cells were also labeled with BrdU (C-F).
Scale bar=100 µm.
basement membranes of the seminiferous cords. At both time points, there were fewer BrdU-labeled cells in the hgn/hgn testes than in the +/hgn testes (Fig. 5 ) testes, with the difference being statistically significant at ED 18.5 (Fig. 6 ).
Apoptosis
When we measured apoptotic cells by TUNEL staining, we found that there were similar levels of apoptotic cell death in the +/hgn and hgn/hgn testes at ED 15.5 ( Fig. 7A and B) . At ED 17.5, there were a few TUNEL-positive cells located in the center or side of the seminiferous cords in the +/ hgn testes, whereas there were many TUNELpositive cells in the seminiferous cords of the hgn/ hgn testes (Fig. 7C and D) . At ED 18.5, TUNELpositive cells were rarely detected in the +/hgn testes ( Fig. 7E and G) , whereas many were detected in the hgn/hgn testes, with most focally located near the basement membrane of the seminiferous cords ( Fig. 7F and H, arrows) . At both ED 17.5 and 18.5, the numbers of TUNEL-positive cells in the seminiferous cords were significantly higher in the hgn/hgn testes than in the +/hgn testes (Fig. 8) .
Immunostaining of MIS was located in the cytoplasm of Sertoli cells in both the +/hgn and hgn/hgn testes. MIS-positive apoptotic cells were frequently detected in the hgn/hgn testes at ED 17.5 (data not shown) and 18.5 (Fig. 9) .
Discussion
Male hgn/hgn rats display a severe type of t e s t i c u l a r d y s p l a s i a i n w h i c h p r i m i t i v e seminiferous cords fail to develop into mature seminiferous tubules [2] , and all testicular cell types show defective development during early postnatal stages [18] . In the adult testes, germ cells d e g e n e r a t e b e f o r e e n t e r i n g m e i o s i s a n d spermatogenesis does not occur [1, 2] . The most notable features of postnatal pathogenesis are abnormal mitosis and apoptosis of immature Sertoli cells [17] [18] [19] . Since pathological alterations have been detected in neonatal hgn/hgn testes, it is likely that testicular pathogenesis starts before birth [2, 4, 17] . To characterize embryonic pathogenesis in hgn/hgn testes, we immunostained tissue sections with antibody to GATA4 and compared the histological architecture of hgn/hgn and normal (+/hgn) testes during later embryonic stages. GATA-4, a zinc finger transcription factor, is strongly expressed in the somatic cells of the seminiferous cords and interstitium of embryonic testes in normal male rats [25] . Therefore, the initial organization of seminiferous cords can be clearly demonstrated by the differential localization of GATA-4 staining, making it possible to distinguish i m m a t u r e S e r t o l i c e l l s f r o m g e r m c e l ls i n developing seminiferous cords.
A l t h o u g h h i s t o l o g i ca l l y w e l l -o r g a n i z e d seminiferous cords were observed in both the +/ hgn and hgn/hgn testes at ED 15.5, the hgn/hgn testes were slightly smaller. This was consistent with our observation that hgn/hgn ovaries were hypoplastic at ED 15.5 [21] . Since body growth is also retarded at ED 15.5 in female [21] and male [22] hgn/hgn fetuses, the mutated gene may have an early influence on whole body growth, including growth of the gonads, kidneys, and other organs. Thereafter, ovarian hypoplasia does not progress to a more severe phenotype in hgn/hgn females [21] , and these animals can retain reduced fertility as adults [5] . In hgn/hgn males, however, testicular hypoplasia progresses to severe dysplasia, and these animals become sterile due to the complete absence of spermatogenesis as adults [18] . Indeed, in the present study, we found that the hgn/hgn testes were hypoplastic at ED 18.5, indicating that growth of the seminiferous cords was considerably reduced from ED 15.5 to ED 18.5. At ED 21.5, hypoplasia of the hgn/hgn testes became more severe. As shown in hgn/hgn testes at postnatal days (PD) 1 and 3 [26] , there were not enough Sertoli cells at ED 21.5 to align along the basement membrane of the seminiferous cords, and a relatively large number of germ cells occupied most of the inside of the cords. Abnormal mitotic metaphase GATA-4-positive Sertoli cells with a dispersed distribution of chromosomes and abnormal apoptotic bodies are often observed in hgn/hgn testes at PD 1 [17] . Although we detected abnormal mitosis and apoptosis at ED 21.5, their incidences were apparently smaller compared with those in postnatal hgn/hgn testes. Therefore, the discrepancy between the smaller number of Sertoli cells and their significantly higher mitotic index may result from abnormal mitotic arrest and prolonged mitotic metaphase in relation to the mutation in the hgn/hgn fetuses. Since testicular hypoplasia was apparent at ED 18.5 prior to the appearance of perinatal defective mitosis in Sertoli cells, we examined the mitotic a c t i v i t y o f t h e s e c e l l s b y a s s a y i n g B r d U incorporation during the S phase. At ED 15.5, many BrdU-labeled cells were detected in both the +/hgn and hgn/hgn testes. These were both Sertoli and germ cells, since they were located in both the center and basal compartments of the cords. In general, while germ cells arrest mitosis at the G0 phase from the later embryonic to early postnatal stage, Sertoli cells actively proliferate to support the growth of seminiferous cords [27] . Since the germ cells of both genotypes showed cytology typical of mitotically arrested gonocytes at ED 17.5 and 18. We recently found that the sixth exon of the Spag5/astrin gene in hgn/hgn rats contains a 25 bpinsertion [17] that causes a frameshift and introduces a premature stop codon. This results in the production of a protein that lacks the coiled-coil domain required for localization of Spag5 to spindle microtubules. Inhibition of astrin expression by RNA interference causes abnormal metaphase arrest, a dispersed distribution of chromosomes, and apoptotic cell death [15] . Moreover, deficiency in astrin expression has been found to activate the p53-dependent apoptotic pathway [28] . In embryonic hgn/hgn testes, the Spag5 mutation causes a decrease in mitotic activity and an increase in apoptosis of Sertoli cells prior to the appearance of abnormal mitotic metaphases with an abnormal chromosomal distribution during the perinatal period. Therefore, this Spag5 mutation may cause a reduction in mitotic activity and an increase in p53-dependent apoptosis in embryonic hgn/hgn testes. This possibility will be further investigated in future studies using hgn/hgn rats.
